As part of the French National Programme for Coastal Oceanography, this paper focuses on improvement of biogeochemical modelling in the Bay of Seine (Eastern Channel), by introducing phosphorus in nutrient cycles. The Bay of Seine receives the Seine river, which exhibits very high nutrient concentrations, and this coastal zone constitutes a typical case of eutrophication in a river plume area. In terms of analyses, sequential extraction and analysis of sedimentary phosphorus were used in order to measure various forms of particulate phosphorus in suspended matter and sediment (calcium-bound phosphate, Fe/Al-bound phosphate, exchangeable phosphate and organic phosphorus). In the modelling approach, the Bay is divided into 42 boxes and a two-layer, vertical thermohaline model is linked with the horizontal circulation scheme to take vertical stratification into account. The previous biological sub-model, with only nitrogen and silicon as nutrients, was improved by taking account of (a) various forms of bioavailable phosphorus (dissolved phosphate, exchangeable phosphate and organic phosphorus) and (b) experimental parameters which govern the adsorption/desorption of phosphate at the solid-water interface. The ecological model accurately reproduces dissolved nutrient behaviour in the river plume, and concentrations of diatoms, flagellates and zooplankton are consistent with observed values. Simulated exchangeable phosphate and organic phosphorus in suspended matter are in the range of measured concentrations, whereas these particulate variables are simulated with less accuracy in the sediment. After evaluating the respective roles of nitrogen, phosphorus and silicon as limiting factors for phytoplanktonic growth, the model was used to estimate consequences of reduced phosphorus or nitrogen input for phytoplanktonic production in the Bay of Seine.
Introduction
Marine coastal eutrophication is a worldwide phenomenon and large phytoplanktonic blooms in the plumes of large rivers have been well documented for the northern Adriatic Sea (Justic, 1991) , the North Sea (Peperzak et al., 1996 ; Radach, 1992) , and the Baltic Sea (De Jonge et al., 1994) . In France, the Bay of Seine, located in the eastern English Channel, can be considered as one of the most eutrophicated coastal ecosystems, due to large nutrient loadings from the Seine river (Aminot et al., 1997) . Mathematical modelling approaches were applied in order to quantify the respective roles of hydrodynamics and nutrient inputs in the coastal eutrophication process. The earliest models for the shelf area concerned the entire English Channel (Agoumi, 1985 ; , and the most recent dealt with the Bay of Seine Guillaud and Ménesguen, 1998) . Results from the last model highlight the spatial concordance of the highest phytoplanktonic concentrations with the spread of the river plume in the Bay. Contrary to that of diatoms, flagellate production appears to be mainly confined to the eastern Bay, due to the vertical haline stratification just off the river mouth. These results for both phytoplankton groups confirm that vertical structure modelling is necessary to simulate the biological consequences of fresh water spreading in the Bay. Previous models for the Bay dealt only with nitrogen and silicon cycles. They did not include phosphorus and its potentially limiting effect seeing the recent decrease in loading by the river Seine (Aminot et al., 1997) . Thus, this study aimed to improve simulation of primary production of the Bay of Seine, by incorporating measurements of various forms of phosphorus, and their cycles into the previous model. However, the phosphorus cycle differs significantly from nitrogen and silicon cycles since it exhibits a multiple particulate phase. More sophisticated processes, like adsorption and desorption, must be included in the model, according to Chapelle (1995) , Furumai et al. (1989) .
Material and methods

Study site
The Bay of Seine is located in north-western France and opens onto the English Channel along its northern boundary (Fig. 1) . The surface area of the Bay is 5 000 km 2 , its mean depth is about 15 m and the tidal range reaches 7 m. Fine to very fine sands are found towards the Seine's mouth, with several muddy zones. In the Bay's central and western zones, sediments are almost all gravel and gravelly coarse sand. Although seasonal differences in wind and river inflow alter water-mass movements in the Bay, the basic flow patterns are tidally induced. The Seine river flows into the bay with a mean discharge of 450 m 3 /s. The river flow can reach 2 000 m 3 /s during floods, dropping to 100 m 3 /s at low water. The yearly mean loads of dissolved inorganic nitrogen, dissolved silicate, dissolved phosphate and particulate phosphorus from the Seine river are respectively 80 000 t, 46 000 t, 8 400 t and 2 600 t (Aminot et al., 1993 ; Menesguen et al., 1995) . Other rivers (Orne, Douve, Vire) flowing into the Bay respectively present total nitrogen and phosphorus loads of about 10 % and 2 % of the Seine river loads (Cugier, 1999) . These inputs induce high primary production during spring and summer in the river plume, and every year chlorophyll a concentrations reach values between 30 and 70 µg/dm 3 (Aminot et al., 1997) . Diatoms are dominant, but flagellates can become abundant in late summer, with Dinophysis sp. blooms reaching 10 6 cells/dm 3 (Le Grand, 1994) .
.Measurement procedures
Nutrient and chlorophyll a measurements at station 2 ("RNO 2" on Figure 1 ), used in this study, were performed by the R.N.O. (French National Monitoring Network for Marine Environment Quality) from 1976 to 1984 (R.N.O., 1976-1984) . Unfortunately the R.N.O. sampling strategy was changed in 1985, and high frequency measurements have not been performed at fixed stations since then. Specific measurements of particulate compounds of phosphorus in the Bay have been performed since 1992 within the framework of the Bay of Seine project, as part of French National Programme for Coastal Oceanography (Andrieux-Loyer, 1997). Annual maximum concentrations of flagellates have been provided since 1983 along the Bay of Seine coast by the French National Phytoplankton and Phycotoxins Monitoring Network (Belin and Raffin, 1998) . Ammonium, nitrate, phosphate and silicate were determined using methods described by Strickland and Parsons (1972) ; precision for nutrients is about 5-10 %. Chlorophyll a in the water column was measured using Lorenzen's fluorimetric method (1966) , accurate to ± 0.1 µg dm -3 . Sequential extraction and analysis of sedimentary phosphorus have been described in detail in Andrieux and Aminot (1997) . Main features include measurement of total sedimentary and particulate phosphorus after ashing at 500 °C, according to Rao and Reddi (1990) . Major reservoirs of sedimentary P were determined using the widely used sequential method of Williams et al. (1976) , as modified by Psenner et al. (1988) : (1) the non-apatite inorganic phosphate (NAIP) fraction which represents Fe-and Al-bound P (Fe/Al-P), and loosely sorbed so-called exchangeable phosphate (exch-P) ; (2) the calcium-bound-phosphate (Ca-P) fraction ; and (3) the organic phosphorus fraction (orga-P) calculated by difference (TP minus NAIP and Ca-P). In addition, exchangeable phosphate was determined using the Infinite Dilution Extrapolation method (Aminot and Andrieux, 1996) . Duplicate total phosphorus analyses were made on 40 sediment samples. The standard deviation was 0.43 µmol g -1 on concentrations ranging from 8 to 22 µmol g -1 . For sedimentary phosphorus forms, duplicate analyses were performed on 70 samples. The standard deviation was 0.1 µmol g -1 on Fe/Al-P concentrations of 0.1-9 µmol g -1 , and 0.6 µmol g -1 on Ca-P concentrations of 4-12 µmol g -1 . The orga-P concentrations (40 samples : 2.8 to 7.8 µmol g -1 ), being calculated by difference, showed a slightly higher standard deviation equal to 1 µmol g -1 . For exch-P concentrations (0.2 -2.7 µmol g -1 ), the Infinite Dilution Extrapolation method consisted of 7 extractions for each value, and the resulting standard deviation was 0.02 to 0.1 µmol g -1 . According to Andrieux and Aminot (1997) , in our modelling approach we considered only exchangeable phosphate and organic phosphorus as being potentially bioavailable in the Bay of Seine ; these forms represent about 50 % of the total particulate phosphorus load from the Seine river (Aminot et al., 1993) . Calcium-bound phosphate and Fe/Al-bound phosphate are not taken into account by the model because they represent insoluble and non-reactive forms under the physicochemical conditions of Bay waters.
Mathematical model description
The basic model used in this study has been fully described by Guillaud and Ménesguen (1998) . It was implemented using IFREMER's "ELISE" software (Ménesguen, 1991) which allows results of a hydrodynamic model to be combined with biogeochemical equations.
Hydrodynamic sub-model
In this sub-model, the Bay of Seine is divided into 42 boxes ( Fig. 1 ) and water fluxes between them are calculated automatically by "ELISE" software, using the horizontal 2D-lagrangian residual currents computed by Salomon and Breton (1991) . In order to take account of thermal and haline stratifications, a two-layer vertical thermohaline model is linked with the horizontal circulation scheme (Ménesguen and Hoch, 1997) , and each box is divided into a surface and a bottom box, with a moving frontier in the pycnocline region. In stratified areas, this model cannot simulate potential dense accumulations of phytoplankton in the pycnocline zone located between the surface and the bottom layer (Videau et al., 1998) . Nevertheless, in spite of its roughness, the two layer biogeochemical boxmodel, with a time-varying thermohalocline, is powerful enough to simulate vertical structure in much less computing time than for real three-dimensional modelling, particularly in case of simulations over a period of twenty years. Finally sediment boxes were added under the water boxes to study state variables in the sediment ; exchanges between water and sediment are linked to diffusion for dissolved variables. For particulate variables, exchanges are related to settling velocity, and to the ratio of shear stress (τ) to critical shear stress (τ cd ) for deposition, or to critical shear stress (τ ce ) for erosion. The shear stress on the bottom is generated by tidal current and wave action (Soulsby et al., 1993) .
Biological sub-model
Starting with the preliminary nitrogen and silicon model of Guillaud and Ménesguen (1998) , a model of combined nitrogen, silicon and phosphorus cycles was set up in order to investigate the role of phosphorus as a potential limiting nutrient in the Bay of Seine. The following 11 state variables were selected : X 1 : nitrate X 2 : ammonium X 3 : dissolved silicon X 4 : dissolved phosphate X 5 : particulate exchangeable phosphate X 6 : diatom nitrogen X 7 : flagellate nitrogen X 8 : zooplankton nitrogen X 9 : detrital organic nitrogen X 10 : detrital biogenic silicon X 11 : detrital organic phosphorus
The model also simulates three independent biotope descriptors : salinity (X sal ), temperature (X temp ), and inorganic suspended matter (X sm ). The first is a pure conservative tracer and the last is required to calculate the light extinction coefficient and particulate exchangeable phosphate. Two distinct groups of phytoplankton are simulated : (1) diatoms, which are the main primary producers in the English Channel, and are nitrogen-, phosphorus-and silicon-dependent, and (2) flagellates, including some harmful species, which do not require silicon. According to Aksnes et al. (1995) , Le Pape (1996) and Varela et al. (1995) , who successfully differentiated diatoms and flagellates in their modelling approach, the model considers only these two phytoplanktonic groups in order to reconcile moderate modelling complexity with realistic simulations of main primary producers. Nanophytoplankton is not taken into account because of its limited role in primary production in the English Channel, pointed out by Hoch (1998). As the aim of this model is to simulate seasonal variations of microalgae, the transitory buffering effect of internal nutrient storage was considered as negligible on a seasonal scale ; so nutrient uptake and phytoplanktonic growth are directly linked. Phytoplankton's potential growth rate is stimulated by temperature (Eppley, 1972) , according to an exponential law (Q 10 = 2) with no inhibitory effect of temperature in the range of 0-25 C°. Growth limitation by each nutrient follows a Michaelis-Menten kinetic, and a Steele's function (Steele, 1962) describes how light controls the growth rate ; Liebig's minimum law related to limiting effects of nitrogen, phosphorus, silicon (for diatoms only) and light is used to modulate the growth rate. The light extinction coefficient is calculated by means of a correlation with total suspended matter concentrations , and phytoplanktonic self-shading is taken into account by adding a dry mass of phytoplankton to inorganic suspended matter. Phytoplankton mortality is related to temperature, and the sedimentation rate of diatoms increases when their nutrient limitation increases (Titman and Kilham, 1976) . Flagellates are assumed not to settle because of their own motility. Grazing pressure is represented by zooplankton, but the grazing of flagellates is not taken into account, due to zooplankton's ability to avoid dinoflagellates, pointed out by Ives (1987) ; Hoch (1998), considers that only 10 % of flagellates are grazed by zooplankton. Zooplankton's growth rate depends on temperature and the diatom biomass, following Ivlev's formula, modified by . Zooplankton excretion is a function of temperature, as is their mortality which also depends on the zooplanktonic biomass, reflecting the predation concomitant to the increase in biomass (Steele and Henderson, 1992) . Biogenic detrital silicon dissolution, and organic nitrogen and organic phosphorus mineralisation are temperature-dependent (Arrhenius' law). These processes supply dissolved silicon, phosphate and ammonium, the last compound producing nitrate through nitrification. The phosphorus simulation takes the exchange between dissolved phosphate and particulate exchangeable phosphate in suspended matter or sediment, through adsorption and desorption processes into account. According to Furumai et al. (1989) and Andrieux-Loyer (1997) , the adsorption kinetics are proportional to the dissolved phosphate concentration, and to the difference between maximum phosphate adsorption capacity of particulate matter and its instantaneous exchangeable phosphate concentration ; the kinetics of desorption are proportional to the exchangeable phosphate concentration in particulate matter, and modulated by the ratio of this exchangeable phosphate concentration to the maximum phosphate adsorption capacity of particulate matter. The conceptual biological model of phosphorus cycling is described in Figure 2 . For other nutrients (N and Si) the diagram is the same, excepting phosphorus-specific processes (adsorption/desorption).
Obviously, there is no silicate uptake by flagellates. To express differential equations representing the evolution of state variables over time, the following expressions are used : -Action of temperature T (°C) : f T = exp(k T .T) with k t = 0.07 °C -1 (Eppley, 1972) -Action of nutrient limitation (N, Si, P) on phytoplankton growth (Michaelis' formulation) :
*for diatoms: f = X X X + X + k ( )
-Action of nutrient limitation on diatom settling velocity :
with nutstat diat as nutrient status index depending on nutrient limitation :
-Box depth is labelled h, and bottom is a Boolean indicator which equals 1 if the box is in contact with the sediment (equal to 0 elsewhere).
Finally, the differential equations representing the evolution of the 11 state variables over time can be expressed as follows (for basic parameters, see table 1) :
Dissolved phosphate :
Particulate exchangeable phosphate :
Flagellate nitrogen : Detrital organic phosphorus : For sediment boxes, the equations are similar, but do not integrate flagellates and zooplankton. The main processes taken into account are diatom mortality, organic material mineralisation and phosphate adsorption/desorption. Sediment density was equal to 2600 kg/m 3 and its consolidation not taken into account. (1987) . Landward boundary conditions were provided by the Cellule Antipollution de la Seine (1976 Seine ( -1995 for the Seine river, and by Direction Régionale de l'Environnement and Agence de l'Eau Seine-Normandie for other smaller rivers (Orne, Vire and Douve). Meteorological forcing was based on daily average measurements of driving variables (insolation duration, wind speed, air temperature, air moisture, atmospheric pressure and cloud cover) at the La Hague weather station (northwest cape of Cotentin) ; these day by day data were provided by MeteoFrance from 1976 to 1995.
Boundary conditions and driving variables
Results
After improving the calibration of the previous model by taking account of dissolved phosphate measurements, the model was validated by comparing observed and calculated values of dissolved nutrients (N, Si, P), chlorophyll a, flagellates, zooplankton biomass and particulate forms of phosphorus. Finally the model was used to estimate nutrient limiting effects on phytoplankton growth in the plume area and in the Bay of Seine.
Dissolved nutrients and chlorophyll a
The data available at station 2 of the French National Monitoring Network ("RNO 2" in Figure 1 ) were compared with model results in box No 3, over the period of -1984 (RNO, 1976 -1984 . Figure 3 illustrates the comparison, in surface water, between computed and observed values of dissolved inorganic nitrogen (nitrate plus ammonium), silicate, phosphate and chlorophyll a, which is calculated from diatom nitrogen divided by N/chlorophyll a ratio (Jorgensen, 1979) . Large seasonal variations for dissolved inorganic nitrogen and silicate can be observed, due to phytoplankton uptake and decreased river input during summer. Compared with nitrogen or silicate, phosphate concentrations fluctuate less because phosphate river inputs are constant during the year. This pattern is due to the prevalence of phosphate point sources in the river Seine, such as urban and industrial wastewater discharges (Menesguen et al., 1995) . The model reproduces annual spring and summer blooms of chlorophyll a ; nevertheless, some of the highest values are not reached by the model. As in Andersen and Nival (1989) and Aksnes et al. (1995) , general standard deviations C between simulated and observed values were calculated as follows : (Guillaud and Ménesguen, 1998) . From a spatial point of view, the comparison between measured and calculated concentrations of chlorophyll a in the Bay in June 1992 shows a relatively good fit, and highlights the increase in the chlorophyll a gradient from offshore waters towards the estuary (Fig. 4) .
Flagellates
Available measurements of yearly maximum dinoflagellate concentrations along the southern coast of the Seine mouth (Belin and Raffin, 1998) were compared with maximum simulated concentrations of flagellates in the plume (Fig. 5) . For this comparison, number of dinoflagellates per dm 3 was converted into µmol of nitrogen per dm 3 , using a nitrogen cell concentration equal to 4 pµol N/cell Meksumpun et al., 1995) . Dinoflagellates (mainly represented by Dinophysis sp. during summer flagellate blooms in this coastal area) do not represent all flagellates exactly ; so this comparison remains qualitative, and only points out a relative similarity in both trends, except for 1989 and 1993. The role of stratification in flagellate production is also illustrated by comparing surface and bottom calculated concentrations of flagellates and diatoms in the river plume (box No 3) during 1995 ; Figure 6 shows the prevalence of flagellates in surface water, when diatoms are more uniformly distributed, except for the blooming period. Figure 7 , and the comparison with chlorophyll a evolution indicates increasing zooplankton biomass after the main blooming period. Few quantitative data are available for the annual zooplankton cycle in this area, but recent observations of biomasses in the plume (Le Fèvre-Lehoërff, pers. com.), which reach 300 µg/dm 3 dry weight during the summer, are consistent with calculated values.
Zooplankton biomass The seasonal fluctuation of zooplankton biomass in the Seine river plume (box No 3) is shown in
Particulate phosphorus Particulate exchangeable phosphate in suspended matter and sediment
The simulated concentrations of particulate exchangeable phosphate in suspended matter (boxes 1 and 3) were compared with all available data, measured in the estuary mouth in 1992 by Aminot et al. (1993) . These observed values, ranging from 20 µmol/g to 34 µmol/g, coincide well with calculated values in box 1, and are slightly higher than calculated concentrations in box 3 (Fig. 8) . A standard deviation between simulated and observed values was calculated as for nutrients, with a value of 0.074, indicating a good fit. In sediments located under the plume, the exchangeable phosphate concentrations measured in 1992 and 1994 by Andrieux and Aminot (1997) range from 1.1 µmol/g to 2.7 µmol/g (Fig. 8) , and are much lower than exchangeable phosphate concentrations in suspended matter. These concentrations in sediment coincide with simulated values in corresponding locations (sediments under water boxes Nos. 3 and 4), excepting an underestimation by the model during the year 1994 ; the standard deviation between simulated and observed values is equal to 0.092. The exchangeable phosphate concentrations measured in sediments all over the Bay in February 1992 ( Fig. 9 ) exhibit a horizontal gradient with values increasing from the open sea to the estuary. This spatial configuration is quite well reproduced by calculated concentrations, although the model overestimates western concentrations, because the probable variations of maximal phosphate adsorption capacity in sediments, due to the gradient of fine-grained sediments in the Bay, are not taken into account.
Detrital organic phosphorus in suspended matter and sediment
The calculated organic phosphorus concentrations in suspended matter, mainly resulting from phytoplankton and zooplankton mortality, vary much more than exchangeable phosphate concentrations ; for instance, calculated concentrations in the plume area (box 3) range from 3 µmol/g in winter to 240 µmol/g in summer (Fig. 10) . These values are in fairly good agreement with available measurements taken in the estuary mouth by Andrieux-Loyer (1997) and the standard deviation is equal to 0.23. She observed a minimum organic phosphorus concentration in suspended matter equal to 17 µmol/g in winter 1992, and a maximum reaching 200 µmol/g in spring. According to the author, the latter value is related to phytoplanktonic blooms producing temporary increases in detrital organic phosphorus in suspended matter, during the spring/summer period. Although seasonal variations of organic phosphorus can be simulated in sediment, and appear to be consistent with the magnitude order of measurements and with the increase in organic phosphorus concentrations after the bloom period (Andrieux and Aminot, 1997), the calculated concentrations in sediments under the box 3 do not fit well with measurements performed around this location (Fig. 10) . Moreover, the spatial heterogeneity of organic phosphorus concentrations in the sediment all over the Bay is not well simulated.
Nutrient limiting effects
Following its validation, this model has been used to estimate the limiting effect of nutrient concentrations on diatom and flagellate growth in the plume area (box No 12) and in an offshore station (box No 31), during the year 1995. The limiting factors were calculated for each nutrient, and are equal to 1-(X/(X+Kx)), with X = nutrient concentration in water, and Kx = nutrient half saturation constant for diatoms or flagellates (see table 1 ). These calculated factors range from 0 (no limitation) to 1 (total limitation). In the plume, diatoms are limited by phosphate in spring and by silicate in summer ; flagellates are limited by nitrogen and phosphate after the 200 th day, which corresponds to the beginning of their productive period (Fig. 11) . In the offshore station, diatoms are mainly limited by silicate in spring, and by nitrogen in summer ; flagellates are highly limited by nitrogen. These results are consistent with measurements by Bauerfeind et al. (1990) who observed a potential phosphate and silicate limitation for diatom blooms in the coastal waters of the south-eastern North Sea, while nitrogen is the main limiting element in the more offshore areas. In the estuary (box No 1), a similar approach shows that light is the first limiting factor, because of the high estuarine turbidity ; this light limitation decreases from the estuary towards the less turbid waters in the Bay.
Discussion
The present model, including phosphorus, allows the third major nutrient controlling phytoplanktonic production in the Bay of Seine to be taken into account. Calculation of standard deviations between observed and simulated data shows that the model correctly reproduces dissolved nutrient behaviour in the coastal zone enriched by river inputs, and seasonal cycles of diatoms with high biomass values in the eutrophicated plume area during the bloom period. Furthermore, the drop in standard deviation values, compared with those of the previous model, reveals an improvement of the modelling approach related to the introduction of phosphorus. With regard to flagellate production, the model highlights the importance of stratification in the plume area. However, the two-layer structure is not precise enough to reproduce high concentrations of flagellates observed on the pycnocline level in stratified areas (Gentien et al., 1995 ; Maggi et al., 1992 ; Peperzak et al., 1996) . More realistic simulations of these processes would require an integral 3D model, which is currently being developed (Cugier, 1999 ; Cugier and Le Hir, submitted) . The simulated concentrations of zooplankton are consistent with observed values in the plume area, and are higher than usual observations along the English Channel coast ranging from 50 to 200 µg/dm 3 dry weight (Le Fèvre-Lehoërff et al., 1993). They reveal the high level of zooplanktonic production linked to intense primary production in this plume ecosystem. Particulate variables in suspended matter, like exchangeable phosphate and organic phosphorus, are simulated with accuracy and calculated values are within the range of observed concentrations. In contrast, simulated concentrations of exchangeable phosphate in sediment correspond less to values observed all over the Bay ; so in future, spatial variations of maximal phosphorus adsorption capacity related to sedimentary gradients will need to be taken into account. Contrary to exchangeable phosphate in sediment, which is quickly regulated by adsorption/desorption with dissolved phosphate in interstitial water and by diffusion of dissolved phosphate between water and sediment, the concentration of detrital organic phosphorus in sediment is directly related to the simulated thickness of sediment boxes. The latter feature is not well simulated because the model does not take sediment consolidation into account. This process should be included in a future version of the model. Nevertheless, these shortcomings do not rule out phytoplankton modelling, because the stock of bioavailable phosphorus in the Bay's sediment is much lower than the phosphate stock in the water column (Andrieux-Loyer, 1997). For this reason, and given the valuable correspondences between prognosis and real phytoplanktonic biomasses, the present model was used to estimate the consequences of nutrient loading reductions on phytoplanktonic production. Four scenarios were run, consisting in a decrease of 25 % and 50 % in dissolved inorganic nitrogen or dissolved phosphate loading by the Seine river in 1995. Results are presented in terms of reduction of gross diatom and flagellate production in the Bay, and reduction of maximum concentrations reached by both phytoplanktonic groups in the plume (Table 2) . Results show that N and P loading reductions induce a slight decrease of gross diatom production because about 90 % of the annual diatom production in the Bay takes place outside of the plume. This offshore production is mainly regulated by silicate and nitrogen inputs through seaward boundaries, and by regeneration of nutrients (Maguer et al., 1998) . On the contrary, gross flagellate production is significantly lowered, particularly by the nitrogen loading reduction ; this is due to the fact that the flagellate production area is mainly restricted to the river plume, which is more directly influenced by Seine river inputs. The reduction of nitrogen loading has no effect on maximum diatom concentrations in the plume, whereas the reduction of phosphate input induces a decrease of these concentrations, due to the emergence of a phosphate limiting effect for diatoms during the first spring bloom in this plume area. During the summer, silicate is often the first limiting nutrient for diatom blooms in the river plume, and nitrogen loading reductions have no effect on maximum diatom concentrations. Maximum flagellate concentrations are greatly lowered by nitrogen or phosphate loading reductions because of the link between flagellate production and the enrichment of the stratified plume area by river inputs. The last scenario run consisted in removing particulate forms of phosphorus loading (exchangeable phosphate and organic phosphorus) from the Seine river. This simulation shows a decrease in the spring diatom bloom in the plume (-22 %) and a reduction of flagellate production in the same area (-26 %). This pattern confirms the relative importance of particulate phosphorus load in the Bay of Seine, previously pointed out by Aminot et al. (1993) .
Conclusion
This study shows that introducing phosphorus in the model improves the accuracy of biogeochemical modelling, and shows up the emergence of a vernal limiting effect of phosphorus in the Seine plume area. For instance, Figure 12 , showing the comparison between limiting effect of nutrients for diatoms in 1978 and 1995, highlights the control of diatom growth by phosphorus in spring 1995, while this nutrient was not limiting in 1978. This result is in good agreement with several observations in plume ecosystems, where diatom production may switch from phosphate limitation in the spring, to nitrogen or silicate limitation in summer. For instance, Howarth (1988) and Peeters and Peperzak (1990) found similar patterns in the Patuxent estuary and in the Dutch coastal waters, respectively. Previous works have highlighted the enhancement of flagellate production by high N/Si ratios in stratified river plumes (Guillaud and Ménesguen, 1998 ; Peperzak et al., 1996 ; Radach, 1992) . The present study completes these results and specifies the potential limitation of summer flagellate production in the Seine river plume, not only by nitrogen, but also by phosphate. The emergence of a phosphate limiting effect for phytoplankton in the river plume must be related to the decrease in the phosphate load during the period 1976-1995. The rate of this evolution is about -2.7 % per year, and is mainly due to the reduction of industrial effluents from fertiliser factories in the watershed (Menesguen et al., 1995) ; the lack of an obvious phosphate limiting effect in the simulations of the former years (1976) (1977) (1978) (1979) (1980) can be attributed to higher phosphorus loads in the late 1970s (about 15 000 t/y in the past compared to 11 000 t/y today). Contrary to phosphate, the nitrogen load increased during the period 1976-1995 (+1.8 % per year), due to agriculture and urban development, which is why the present calculated nitrogen limitation is less severe than the nitrogen limiting effect in the past. These features are consistent with model simulations for impacts of hypothetical nutrient loading reductions, which point out a potential decrease in flagellate production in the plume, related to nitrogen or phosphate loading reduction. With regard to diatoms, the reduction of phosphate loading induces a lowering of the diatom concentrations in the plume during the spring bloom. The present study shows the great potential of this sort of model to better choose a nutrient reduction policy for the watershed, and to control effect of eutrophication in the Bay of Seine. Nevertheless, simulations of phytoplanktonic production in the Bay of Seine, and study of exploratory nutrient reduction scenarios, should be improved by further developments of the model concerning the introduction of a real, three-dimensional structure, variable phosphate adsorption capacities related to the sedimentary gradient in the Bay, and sediment consolidation modelling. 
